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Honey bees are some of the most important pollinators for agriculture in the world and are
pivotal to the health of worldwide ecosystems. Like all insects, bees struggle with exposure to
parasites, diseases, and other environmental factors that can negatively affect the overall health of
the colony. Recently, a new unexplainable phenomenon called Colony Collapse Disorder (CCD)
has been wreaking havoc on bee populations worldwide. As a result, a system capable of tracking
bees is required to understand the different contributions of chemicals, parasites, etc. to CCD. This
research seeks to show data supporting the development of systems for an X-band harmonic radar
system. Overall, it was found the harmonic oscillator’s conversion and antenna efficiency were
the most important design factors for determining detectability at increased ranges. Therefore,
multiple harmonic oscillators were simulated and developed at a fundamental frequency of 5 GHz
with these design factors in mind.

Key words: honey bees, harmonic radar, harmonic oscillator, harmonic cross section, networked
harmonic radar
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CHAPTER I
INTRODUCTION

For millions of years, animals and insects have played a vital role in the plant reproduction
process. One of the largest groups of these pollinators are bees which are responsible for providing
one out of every three bites of food [49]. It has been estimated that around three-fourths of the worlds
flowering plants and around 35% of the world’s food crops depend on these pollinators to reproduce
[29]. Honeybees are extremely important to agriculture and are responsible for the pollination of
around $15 billion in crops per year, contributing to food diversity, security, and profitability [14].
Therefore, if honeybees were to disappear, then crop yields would significantly decrease and could
cause a worldwide food shortage. Regrettably since 1939, the number of managed honeybee
hives was reported to have decreased over 55% [14]. While in the past 50 years, the number
of managed honeybees has declined, with about 30% of beehives collapsing due to parasites,
poor nutrition, and disease since 2006 [28]. These challenges are piled onto already existing
environmental stressors like pesticides and pest removal/extermination via humans. Recently, a
new unexplainable phenomenon has wreaked havoc on bee populations worldwide. This new
phenomenon has been dubbed Colony Collapse Disorder (CCD) and is characterized by the rapid
disappearance of adult bees from colonies containing brood and food stores but lacking damaging
levels of parasitic Varroa destructor mites or Nosema microsporidians [50].

1
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To further understand the cause of this disease, it is of great importance to accurately track
bees’ foraging routines during their day-to-day routines. To solve this, researchers have used
many different methods each with their own levels of success and failure the most successful of
these methods being the harmonic radar system. This system transmits a signal at a fundamental
frequency 𝑓 and receives a signal at a harmonic frequency 𝑛 𝑓 (typically 𝑛 = 2) produced by a
nonlinear junction device (NLJD) carried by the target of interest. In this case, the signal created
at harmonic frequency is produced by the Schottky diode used in the construction of the harmonic
oscillator allowing the system to only see returns produced at the harmonic frequency. For this
approach, as a bee leaves the hive to forage it is captured, fitted with an harmonic oscillator, and
released to continue foraging. While foraging the bee is tracked by the system using the harmonic
artifacts created by the harmonic oscillator. Once the bee returns to the hive, it is recaptured, the
harmonic oscillator is removed, and set free so it may return to the hive. Although, honey bees
can travel up to 100 km to forage making it difficult to track them with a single harmonic radar
system. Therefore, we propose the use of a scalable networked harmonic radar system made up
of multiple, mobile harmonic radar systems capable of detecting and tracking honey bees within a
large area of interest.
For this project, a proof-of-concept harmonic radar system was designed based on [25] using
a FURUNO marine radar transmitting at 9.41 GHz and a Radiowaves HPLP1-18RS parabolic
reflector antenna optimized to receive the 18.82 GHz harmonic frequency. It is the intention
for this system to evolve into a networked harmonic radar system capable of track correlation
between two or more systems. In addition to the previously described harmonic radar system,
several harmonic oscillators were constructed based on important design parameters described in
2
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[12], [21], and [25]. These oscillators were then built and tested in an anechoic chamber using a
5/10 GHz harmonic system due to equipment limitations. Several design factors were identified
which impacted the performance of a harmonic oscillator’s radiation efficiency. By tweaking these
design factors and changing their architecture, each tag’s performance is measured by its resulting
harmonic cross section (HCS), a pseudo radar cross section (RCS) which better characterizes the
response produced by a harmonic oscillator. The experiments testing these design factors and
architectures were conducted in the anechoic chamber located at Mississippi State University and
in an open field near Mississippi State’s east commuter parking lot. My research showed that, using
an iterative design process, an optimized harmonic oscillator can be designed for the frequency of
interest.
In Chapter 2, background information pertaining to bees, CCD, and harmonic radar systems is
discussed including the mention of some notable literature. In Chapter 3, the design process for the
harmonic radar system and harmonic oscillator is described. Chapter 4 will showcase the results
of the harmonic radar system and the harmonic oscillator simulation and testing. In Chapter 5,
conclusions are drawn and my contributions and future work is discussed.
The information and results shown in the next chapters describe data supporting the development
of a harmonic radar system, particularly, the development of harmonic oscillators. While increasing
transmit power and antenna gain would increase the harmonic radar systems overall detection
range, the harmonic oscillator having the most stringent design limitations is the weakest link.
To maximize the harmonic oscillator’s response, waveform, antenna design, tag mounting, and
Schottky diode selection are all important design considerations effecting its re-radiation efficiency.
When considering Schottky diodes, it should have a low junction capacitance to enable fast
3
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switching at high frequencies and have a low forward voltage to reduce the amount of energy
required to switch on the diode. When designing a harmonic oscillator, a true half-wave dipole
should not be realized due to the large reactance associated with the architecture. Efforts should be
made to create a resonant antenna which is typically achieved by trimming the dipole. Evidence
suggests that this also shifts the tag’s 𝑆11 resonance to a higher frequency and can be leveraged
to optimize a tag to a specific fundamental frequency. Also, the tag should not be symmetric
as this creates a large impedance mismatch between the feed and dipole at harmonic frequency.
This mismatch is reduced by moving the tag’s feed to a section of the dipole with higher current
distribution. From this, the results indicate that the harmonic oscillator should be realized as a
resonant asymmetric half-wave dipole to improve its radiation efficiency.

4
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CHAPTER II
BACKGROUND

Bees are some of the most important pollinators for agriculture and are pivotal to the health of
worldwide ecosystems by providing increased yields and superior-quality harvests. For example,
the almond crop in California alone requires 1.3 million of the 2.4 million bee colonies in the
United States with the pollination demand expected to significantly increase over the years. As of
now, beekeepers already struggle to meet pollination demand and have resorted to importing bees
from other states, also known as migratory bee keeping, which is an added stressor [17]. This
along with the steady decrease of managed honeybee colonies since the 1940’s, shown in Figure
2.1, will eventually lead to pollination demand outpacing the available honeybee colony supply
due to added stressors and the increased cost associated with keeping colonies healthy.

5
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Data was not available from 1982 to 1985. For colony calculations: (i.) the National Agriculture Statistics Service
includes honey producers having five or more colonies; and (ii.) colonies which produced honey in more than one
state are counted in each state. Overall, the number of managed honey-producing colonies in the U.S. has declined
since the late 1940’s when the total number of colonies peaked at almost 6 million [14].

Figure 2.1
Number of managed, honey-producing colonies in the United States sourced from USDA NASS
yearly reports [14].

Like all insects, bees have issues with parasites, diseases, and other environmental factors
varying temporally and geographically. These stressors can affect honey bee colony dynamics,
shown in Figure 2.2, like reducing brood production, altering development, inducing precocious
foraging onset of in-hive bees, and affect the cognitive performance of foragers. If left unattended,
the synergistic actions of these stressors at different levels of this system can induce a collapse
of the colony [19]. Over the past several decades, U.S. beekeepers have faced several obstacles
6
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preventing the healthy management of their colonies such as arthropod pests like the tracheal mite
(Acarapis woodi), Varroa destructor mites, and small hive beetles (Aethina tumida) to pathogenic
diseases including RNA viruses and the microsporidian Nosema spp. While it is apparent that
the number of managed honey bee colonies in the U.S. has declined, it is unclear what the root
cause has been due to several factors. One such factor is the reporting of yearly colony losses since
beekeepers regularly divide existing colonies each spring to recover losses experienced during the
previous winter. Although, this practice has proven to yield a net loss in honey-producing colonies
suggesting it is not sufficient to sustain the U.S. beekeeping industry. Recently, a new unexplainable
phenomenon has been discovered and has wreaked havoc on bee populations nationwide.

7
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In a non-stressed colony (grey arrows), the brood (eggs, larvae, and pupae) develops into in-hive bees (e.g., nurses)
that begin to forage 2 weeks later. Foragers gather nectar and pollen from floral resources for storage in the hive
(comb). The food stock is consumed by the queen, the larvae, the in-hive bees, and the foragers. Individual bees can
be exposed to environmental stressors (orange boxes) at different stages, potentially disrupting the dynamics of the
whole colony. Stressors reduce brood production, alter development, induce precocious foraging onset of in-hive
bees, and affect the cognitive performance of foragers, leading to disorientation and less-efficient food gathering (red
arrows). The synergistic action of stressors at different levels of this complex system can lead to dramatic colony
collapse. Plain red arrows indicate quantitative changes. Broken red arrows indicate qualitative changes [19].

Figure 2.2
Effects of Stressors on Honey Bee Colony Dynamics [19].

In the winter of 2006-07, some beekeepers began to report unusually high losses of 30-90%
of their colonies. Of the affected colonies, as many as 50% displayed symptoms inconsistent
with any known pathogen or disease responsible for honey bee death [15]. This disorder was
characterized by the rapid disappearance of adult bees, with few dead bees near the hive, from
8
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colonies containing brood (young) and food stores but lacking damaging levels of parasitic Varroa
destructor mites or Nosema microsporidian [29]. While agricultural records dating back more than
a century describe the occasional bee disappearance and dwindling colonies in some years, it is
impossible to determine if the combination of factors then were the same as those responsible for
what has been dubbed CCD. Current hypotheses suggest that CCD is caused by Varroa destructor
parasitic infestation (and associated viruses vectored by Varroa), residues of agrochemicals in hives
(pesticides, herbicides, etc.), and/or poor nutrition working synergistically with other stressors the
affected bee populations are exposed to.

2.1

Harmonic Radar System Development and Applications
Radar is a detection system that uses radio frequency (RF) energy projected from an antenna

to determine distance, angle, and/or velocity of a target or object. This technology follows a set
of equations known as Gauss’s Law of Electricity (eq. 2.1), Gauss’s Law of Magnetism (eq. 2.2),
Faraday’s Law of Induction (eq. 2.3), and Ampere’s Law (eq. 2.4) from work conducted by James
C. Maxwell in 1864;
∇ · 𝑫 = 𝜌𝑣
(2.1)
𝑫 = 𝜖0 𝑬 + 𝑷

∇·𝑩=0
∇×𝑬 =−

𝜕𝑩
𝜕𝑡
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(2.2)
(2.3)

∇×𝑯 =

𝜕𝑫
+𝐽
𝜕𝑡

(2.4)

𝑩 = 𝜇0 (𝑯 + 𝑴)
where D is electric displacement (𝐶/𝑚 2 ), B is the magnetic flux density (𝑇), E is the electric field
(𝑉/𝑚), H is the magnetic field (𝐴/𝑚), 𝜌𝑣 is charge density (𝐶/𝑚 3 ), 𝜖0 is free space permittivity
(8.854 ∗ 10−12 𝐹/𝑚), 𝜇0 is free space permeability (4𝜋 ∗ 10−7 𝐻/𝑚), M is the magnetization, J is
the current density (𝐴/𝑚 2 ), and P is the polarization. These equations, now known as Maxwell’s
equations, govern the behavior of electromagnetic (EM) waves in an elegant, concise form. The
principles of which were first demonstrated in 1886 by physicist Heinrich Hertz’s experiments
showing that EM waves could be reflected from various objects and focused into beams via
reflectors. The first successful radio range-finding experiment was conducted in 1924 by Sir
Edward Victor Appleton who used radio echoes to detect the presence and height of a series of
ionized layers known as the ionosphere [54]. The capability and understanding of practical radar
technology was further propelled during World War II when Britain and the U.S. decided to pool all
radar information, research and development, and manufacturing at the government sponsored radar
laboratory in at Massachusetts Institute of Technology (MIT). Since this time, radar and radar-like
technology has experienced significant growth and become more common-place in everyday life
from air traffic control to collision avoidance. Innovations used in autonomous vehicular systems
like parking assist and blind spot monitoring, or motion detection used in cameras and outdoor
flood lights are all related to and operate using the same principles as radar systems.
Radar’s ability to detect and track an object is based on several variables ranging from the
environment in which the radar operates in to the design of the radar and its internal components,
10
DISTRIBUTION A. Approved for public release; distribution unlimited.

even the target’s overall composition and size have an effect. Overall, the ability of a radar system
is based on its signal-to-noise ratio (SNR) given in eq. 2.5, which is essentially the ratio of received
power to the noise power and the associated system and atmospheric losses,
𝑃𝑅 =

𝑃𝑇 𝐺 𝑇 𝐺 𝑅 𝜆2 𝜎
(4𝜋) 3 𝑅 4

𝑃 𝑁 = 𝑘𝑇0 𝐹𝑛 𝐵
𝐿 𝑡𝑜𝑡𝑎𝑙 = 𝐿𝑇 + 𝐿 𝑅 + 𝐿 𝑆𝑃
𝑃𝑅

𝑆𝑁 𝑅 =

,

(2.5)

𝑃 𝑁 𝐿 𝑡𝑜𝑡𝑎𝑙 𝐿 𝑎𝑡𝑚
where 𝑃 𝑅 is received power (W), 𝑃 𝑁 is noise power (W), 𝐿 𝑡𝑜𝑡𝑎𝑙 is the total system loss, and
𝐿 𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 is atmospheric loss. For the received power equation (𝑃 𝑅 , 𝑊), 𝑃𝑇 is transmit power
(𝑊), 𝐺 𝑇 is transmit antenna gain, 𝐺 𝑅 is receive antenna gain, 𝜆 is transmit signal wavelength (𝑚),
𝜎 is the target RCS (𝑚 2 ), and 𝑅 is the range from the radar system to the target (𝑚). For the noise
power (𝑃 𝑁 , 𝑊) equation, 𝑘 is Boltzmann’s constant (𝑊 𝑠/𝐾), 𝑇0 is reference temperature of the
antenna (𝐾), 𝐹𝑛 is the total system noise figure, and 𝐵 is the transmitter bandwidth (𝐻𝑧). For the
total loss (𝐿 𝑡𝑜𝑡𝑎𝑙 ) equation, 𝐿𝑇 is transmitter loss, 𝐿 𝑅 is receiver loss, and 𝐿 𝑆𝑃 is signal processing
loss. Typically, an SNR value above 13 dB is considered good, although maximization of this
ratio improves the radar’s tracking and detection capabilities. However, if this value is too low the
target’s response will be hidden by environmental noise. This can be mitigated in several ways
like increasing the transmit power, using higher gain antennas, or using higher quality components
designed to reduce system losses.
A major component to this equation is the target’s RCS (eq. 2.6) which is a far field parameter
used to characterize the scattering properties of a radar’s target. Table 2.1 shows the RCS of some
11
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typical targets. In general, a target’s RCS is a function of the incident wave’s polarization, the angle
of incidence, the angle of observation, the geometry of the target, its electrical properties, and the
frequency of operation [11].
𝜎 = lim 4𝜋𝑅 2
𝑅→∞

𝑊𝑠
𝑊𝑖

(2.6)

In the RCS (𝜎, 𝑚 2 ) equation, 𝑅 is the distance from the transmitter to the target (𝑚), 𝑊𝑠 is the
scattered power density (𝑊/𝑚 2 ), and 𝑊𝑖 is the incident power density (𝑊/𝑚 2 ). For a monostatic
radar system, where the transmitter and receiver are at the same location, there is backscattering
RCS which is different from bistatic RCS for a bistatic radar system. If the RCS is too small then the
radar will not be able to pick up the target’s response over the environmental noise, especially if the
target is in a noisy environment i.e., near the ground. For example, issues resulting in detecting a
low flying stealth fighter or an insect do not arise when attempting to detect a large ship. Although,
detection capabilities can be improved in many ways, namely by increasing transmit power or using
higher gain transmit and receive antennas. Consequently, when using high power transmission,
there is a question of the target’s survivability to what has effectively become a microwave at short
range. Regrettably, the effect of these design changes can only do so much when the RCS of the
target is sufficiently small and noise power is sufficiently high, effectively drowning out the return.
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Table 2.1
RCS of Typical Targets [11].
Object
Pickup Truck
Automobile
Jumbo jet airliner
Large bomber or commercial jet
Cabin cruiser boat
Large fighter aircraft
Small fighter aircraft or four-passenger jet
Adult male
Conventional winged missile
Bird
Insect
Advanced tactical fighter

RCS (𝑚 2 )
200
100
100
40
10
6
2
1
0.5
0.01
0.00001
0.000001

RCS (dBsm)
23
20
20
16
10
7.78
3
0
-3
-20
-50
-60

When using a conventional radar system to track and detect “small” targets, particularly airborne
insects, their size hinders the systems capability to detect them. Although, there has been some
success as of the late 1960s with tracking high-flying migratory insects at ranges up to 2 km
[33, 34, 35, 40, 41, 42]. For example, in [42], the researchers used a downward looking radar
mounted to an airplane to determine spruce budworm moth density and orientation from an
altitude of 1.5 km. In [35], the researchers used a ground based, vertical-looking radar (VLR) to
observe the nocturnal migratory behavior of grasshoppers in the middle Niger area of Mali with
detection capability up to 1.3 km in altitude. More recently, advances in VLR systems and signal
processing techniques like the use of micro-doppler to estimate insect wingbeat frequency [52]
or using multifrequency RCS curves to measure insect body length and mass [53] have extended
13
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the capabilities of and improved the performance of current entomological radar systems. At the
Beĳing Institute of Technology, a new radar system consisting of one high-resolution phased array
and three multi-frequency and fully polarized radars is being researched to separate the insect
individual from the swarm. This radar system is designed to detect a 10 mg insect in a cylindrical
area with a 1 km radius and 1.5 km in altitude [23]. While radar proved to be a powerful tool
for observing the migratory flight patterns of insects at high altitude, its capabilities for insect
observation at low altitude proved lackluster. This was due to the presence of ground clutter
(buildings, terrain, or vegetation) at low altitude masking the target’s returns. Therefore, low
altitude insect observation was only possible over flat, stark terrain.
Ultimately, the main issue when attempting to detect and track an insect is their small size
making their return susceptible to being lost to ground clutter. To mitigate this, a common practice
is to equip the target with a transponder capable of emitting a “reply” on another frequency
when an RF signal is detected. One variation of this solution is the harmonic oscillator which is
effectively a frequency multiplier which leverages nonlinearities in one of its onboard electrical
components. This device was first investigated by [43] for applications in automobile collision
avoidance. Since the advent of harmonic radar systems, or secondary radar systems, in 1967
large strides were made in the understanding of insect flight behavior and are mainly due to small,
intensive field studies [51]. These systems are typically composed of a transmit system transmitting
at frequency 𝑓0 , a receive system optimized to receive at a harmonic frequency (typically 2 𝑓0 ),
and a harmonic oscillator (tags, passive transponder, nonlinear junction device) [32]. When a RF
signal was detected, the harmonic oscillator equipped with a diode generated currents containing
harmonics of the fundamental frequency, these harmonics were then used to re-radiate an RF signal
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at an integer multiple of the fundamental frequency. By using a harmonic oscillator, the issue of
powering a transponder is removed opening the door to further miniaturization of this technology.
Since harmonic radar systems require the target of interest (insect) to be equipped with a harmonic
oscillator, researchers have to balance tag performance and weight to create a viable solution.
According to [38], the tags should be no more than 10-12% of the insect’s mass to ensure limited
alteration to their movement which is best achieved by increasing the system’s operating frequency.
Recently with the introduction of smaller, lighter components, significant improvements in tag
design have been made which increased the overall detection range while reducing weight and
aerodynamic drag. While weight and tag performance are still important considerations, these
new components now require researchers to balance cheap and simple tags with more identically
reproducible and expensive tags.
In [25], Milanesio et al. designed a harmonic radar system to operate at 9.41/18.82 GHz to track
the invasive Asian yellow-legged hornet to its hive. This system was designed to operate in a highly
cluttered environment featuring hilly terrain which is rich in trees and other vegetation. Due to the
intended operational scene, the designers opted for a less directive system which increased their
elevation coverage consequently limiting its range capabilities. Since the operational environment
is vegetation dense and tracks can be temporarily lost, the researchers designed their system to
operate on the statistical analysis of several radar traces to get a preferential direction of flight to a
possible hive location. The transmit system features a 25-kW magnetron pulsed generator (DRS25A
model) FURUNO radar equipped with a horizontally polarized slotted waveguide transmitting at
9.41 GHz and set to rotate at 48 rpm. When setting up the transmit system, the researchers opted
for increased range resolution (1.5 m in an angle of 0.1𝑜 ) by minimizing pulse width and increased
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pulse repetition for increased detectability. The receive system was designed using commercially
available components while the researchers designed their own receive antenna. The receive
antenna design chosen was a 4x50, 27.4 dBi gain microstrip cascade patch array producing a 2.4𝑜
azimuthal half power beam width (HPBW) and elevation HPBW of 22.8𝑜 . The proposed receive
chain, shown in Figure 2.3, starts with a Norsat LNB which amplifies and down converts the signal
to 1420 MHz. This is then filtered via a bandpass filter centered at 1420 MHz to remove other
artifacts and reduce noise going into the detector stage. After the detector stage, the resulting signal
is processed by a DSP board equipped with an FPGA that buffers the ADC sampled data. This
data is then passed into a CPU which performs the coded algorithm and sends the computed results
to a laptop via Bluetooth. To get information about the radar’s azimuth orientation, a Hall effect
magnetic sensor is connected to one of the CPU’s GPIOs. In the receive software the researchers
implemented a moving target identification algorithm to filter leaked pulse and clutter echoes,
important for use in the operational scene. During testing the system provided detection at a range
of around 125 m, consistent with the estimated maximum range of 120 m. However, field testing
provided better results due to the digital filtering techniques and the transponder received a higher
power density at 125 m than the laboratory experiment and showed a higher conversion efficiency
than originally estimated. Several important equations determining the received power,

𝑃 𝑅𝑥


2
𝑃𝑇𝑥 𝐺 𝑇𝑥 𝐺 𝑅𝑥 𝜎ℎ 𝜆 ℎ
=
;
4𝜋
4𝜋𝑅 2

(2.7)

the maximum range of the system,


𝑅𝑚𝑎𝑥

𝜆ℎ
=
4𝜋

 0.5 

𝑃𝑇𝑥 𝐺 𝑇𝑥 𝐺 𝑅𝑥 𝜎ℎ
4𝜋𝑃𝑚𝑖𝑛

 0.25
;
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(2.8)

the minimum power required for detection
𝑃𝑚𝑖𝑛 = 𝑘𝑇 𝐵𝑁 𝑓 𝑉 𝑓 ;

(2.9)

and the harmonic cross section (eq. 2.14) of the system were used to determine its capabilities.

Figure 2.3
Proposed harmonic radar chain starting from the fabricated receive antenna (left) to the laptop
(right) [25].

In [26], Milanesio et al. describe improvements made to the system described in [25], effectively
resulting in higher detection rate, less lost detections, and an increase in detection range from 125
m to 150 m. In the previous transmit system from [25], unwanted harmonics were generated within
the system. To mitigate this, a WR90 waveguide filter operating at 8.2 to 12.4 GHz was added
before the transmit antenna to clean up the source signal. Also, obstacles near the system reduced
its detection capability. This was rectified by mounting the system to a telescopic tower. Further
improvement to the system was realized by investigating the pros and cons of either a circularly
or vertically polarized system. Previously, additional complexity was required to mitigate the
limitations associated with the harmonic oscillator’s horizontally polarized dipole radiation pattern
where detection was lost when the dipole’s ends were aimed at the system. Ultimately, the
17
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researchers opted for a vertically polarized system due to larger antenna gains compared to the
potential circularly polarized system. This was realized with a new 50-element slotted waveguide
transmit antenna with 26.5 dBi gain, shown in Figure 2.4, and a new 50-slot receive antenna
featuring a sectoral horn and a 27.3 dBi gain, shown in Figure 2.5. As a result, assuming the
harmonic oscillator attached to the target stays in the vertical orientation and there are no obstacles
shielding the signal, the insect will be trackable regardless of its azimuthal orientation.

Figure 2.4
Upgraded vertically polarized transmit antenna featuring a gain of 26.5 dBi [26].

Figure 2.5
Upgraded vertically polarized receive antenna featuring a gain of 27.3 dBi [26].
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In [46], Storz et al. investigate the impact of frequency choice for a lightweight and compact
frequency modulated continuous wave (FMCW) harmonic radar system by comparing performance
between an S-band system and an X-band system. In this paper the researchers leverage the advantages of FMCW’s high range resolution, system sensitivity achieved with low signal processing
effort, and the added reduction of phase and amplitude noises influence in a harmonic configuration. The researchers also investigate the diode’s conversion loss for the S-band system using a
diplexer circuit, shown in Figure 2.6. It was found that the S-band system outperformed the X-band
system with a maximum detection range of 40 m versus 15 m which is due to the S-band system’s
lower fundamental frequency. Also, the harmonic oscillator’s overall length for the S-band system
was 4.5 times the size of the X-band system’s tag which is not ideal for small insects. Due to
these factors, a low operating frequency is preferable since free space path loss scales linearly with
frequency although tag miniaturization must occur for this to be a viable option.

Figure 2.6
Diode test circuit with diplexer from [46].

In [47], Tahir et al. explored designs for harmonic radars and harmonic oscillators used
today and presented improvements for harmonic radar tracking systems. By increasing power and
19
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elevation angle, the range and altitude detection capabilities of the harmonic radar system can
be increased but there is an issue with balancing range with range resolution. In radar systems,
longer pulses increase range by increasing the power on target but reduce the range resolution of
the system while potentially increasing interference in the receiver. To mitigate this, a modified
FMCW radar using a linear frequency chirp, Δ 𝑓 of duration 𝑇𝑏 , is proposed which does not require
high peak power to be transmitted and results in a similar second harmonic with a chirp of 2Δ 𝑓
and similar duration. The range calculation (eq. 2.10) is given by,
𝑇𝑏 𝑐
𝑅
=
,
𝑓𝑏 4Δ 𝑓

(2.10)

where 𝑇𝑏 is the transmitter chirp duration (𝑠), 𝑐 is the speed of light (𝑚/𝑠), Δ 𝑓 is the frequency
sweep of the chirp, and 𝑓𝑏 is the beat frequency (𝐻𝑧). To find 𝑓𝑏 , the received second harmonic
signal is shifted by the product of the roundtrip time (𝑇𝑝 ) and the frequency rate of change (𝑆)
which is then mixed with the second harmonic of the transmitted signal and filtered. Although this
comes with added cost since extreme care must be taken to ensure the transmitted signal is devoid
of any harmonics requiring a clean source followed by a filter bank. Since this system is stationary,
it will be limited as to where it can be deployed. To solve this issue, the researchers propose
implementing a UAV based, FMCW harmonic radar operating in the millimeter waveband.
Generally, these systems were built in much the same way implementing different design specifications like fundamental/harmonic frequency, waveform, etc. Although, none of the reviewed
systems were a part of a system where two or more of these systems were working together to cover
a large area. This would require a higher level of signal processing in addition to track-to-track
correlation for radar systems with and without overlapping fields of coverage.
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2.2

Harmonic Oscillators and Insect Tracking
Insect tracking is important for several reasons ranging from invasive species management or

eradication [25] to understanding the effects of certain biological factors on disease in a colony,
similar to the system described herein. There is a wide array of insect tracking methods each with
differing pros and cons. One method is the use of an optical system, like in [45], where a camera
system is used to track bees tagged with a retroreflector that reflects the cameras flash back to the
camera. While optical solutions are very lightweight and noninvasive of the insect’s locomotion
they are very limited in application being susceptible to visual obstacles and limited in coverage
area. Other methods, like in [20] and [39], use radio-frequency identification (RFID) tags to locate
and track insects, although similar to optical systems they are limited in range and application only
being able to surveil a relatively small area. Although, the use of these tags uniquely identifies the
insect permitting track-to-track correlation. The other method, which is the focus of this thesis, uses
a harmonic oscillator for insect tracking which is attached to the insect and generates a harmonic
of the received signal via a nonlinear element. Harmonic oscillators have been used for many
different applications, from wildlife tracking in [16] to automobile collision avoidance in [43] and
even maritime search and rescue [18]. Although only recently has it been used for insect tracking
first used in [37].
When designing harmonic oscillators for insect tracking at low altitude, there are several
key design factors to consider. Mechanically, the tag should not limit the insect’s ability to
move ultimately restricting the tag’s weight and architecture. This issue is typically addressed
by developing systems capable of operating at higher frequencies, an effective avenue for the
miniaturization of tag designs. Other considerations include the tag’s performance, its radiation
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efficiency and conversion efficiency; system polarization, leading into antenna design and radiation
pattern issues; and the electrical specifications for the nonlinear component.
When considering the tag’s antenna design, its’ radiation pattern, radiation efficiency, overall
size, and the system’s polarization should be considered. During flight, an insect’s azimuthal
orientation can be expected to change fully and rapidly thus requiring an antenna design with an
omnidirectional radiation pattern. Since antenna’s with fully omnidirectional radiation pattern’s
do not exist, a close alternative is the dipole antenna architecture. The associated radiation
pattern, shown in Figure 2.7, where 𝜃 is the elevation angle, 𝜙 is the azimuth angle, and 𝜆 is the
wavelength of a given frequency. This is derived from the half-wave dipole’s pattern function in
eq. 2.11, which shows nulls around the ends of the dipole (around 𝜃 = 0𝑜 and 𝜃 = 180𝑜 ) but
equal radiation in the 𝜙-plane and at most angles of coverage. As the reader can see, this poses no
issue unless the tag is orthogonal to the harmonic radar system. As a result, careful consideration
should be taken when choosing the polarization for a harmonic radar system as it can limit the
effectiveness of certain antenna architectures. As stated previously, dipole tags similar to those in
[9, 12, 21, 27, 25, 36] suffer from nulls in their radiation pattern which will limit their effectiveness
when used in horizontally polarized systems.
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Figure 2.7
Three-dimensional radiation pattern of a dipole from [11].

𝐹 (𝜃) =

𝑐𝑜𝑠( 𝜋2 𝑐𝑜𝑠(𝜃))
𝑠𝑖𝑛(𝜃)

(2.11)

To mitigate this issue, [25] investigates an X-tag design, which is two dipole tags mounted orthogonal relative to the other, shown in Figure 2.8. However, this increases tag weight, complexity,
and complicates the mounting procedure. Another tag design, the W-tag, was investigated in [26]
where two iterations were developed: one handcrafted and the other fabricated using printed wire
on a dielectric substrate. It was found that both iterations provided an omnidirectional radiation
pattern, if it was oriented horizontally, although issues arose when attempting to create two handcrafted W-tags with the same properties. This could potentially be rectified by creating a mold
via 3D printer. On the other hand, the printed circuit board (PCB) approach yielded consistent
reproducibility of the tag’s performance but some of the insects were unable to fly due the tag’s
dimensions interfering with the insect’s wings during flight. One avenue is the use of omnidirec-
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tional microstrip antenna’s, similar to those found in [22, 30, 31, 48], or a hybrid tag design, similar
to [21], which would consequently improve reproducibility of tag performance.

Figure 2.8
Horizontally polarized harmonic oscillator single dipole design (left) and X-tag design (right)
[25].

As illustrated in Figure 2.7, a dipole antenna provides an omnidirectional radiation pattern
capable of covering most angles of incidence and can be modified to increase this coverage as
shown in [25]. Several factors must be considered when using a dipole antenna for the harmonic
oscillator design, in particular, the diameter of the wire used and the length of the dipole. When
considering wire diameter, it is important to note that as the fundamental and harmonic frequencies
of operation increase and wire diameter decreases, the antenna’s loss resistance (eq. 2.12)

𝑅𝑙𝑜𝑠𝑠

𝑙
=
4𝑎

r

𝑓 𝜇𝑐
,
𝜋𝜎𝑐

(2.12)

will increase effectively reducing the antenna’s radiation efficiency due to the skin effect. In eq.
2.12, 𝑙 is the conductor’s length (𝑚), 𝑎 is the conductor’s radius (𝑚), 𝜇𝑐 is the conductor permeability
(𝐻/𝑚), 𝑓 is the frequency of operation (𝐻𝑧), and 𝜎𝑐 is conductor conductivity (𝑆/𝑚). The skin
effect is when current crowds toward the outer surface of the conductor, effectively reducing the
mobility of electron flow. The most common dipole antennas are the half-wavelength dipole and
24
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the lesser used full-wave dipole. As one can tell, the harmonic frequency’s wavelength is half that
of the fundamental frequency’s therefore a half-wavelength dipole designed at the fundamental
frequency will act as a full-wave dipole at the harmonic frequency, similar to [25]. Typically, a
true half-wave dipole is not realized due to the rather large reactance (𝑍𝑖𝑛 = 73 + 𝑗42.5 Ω). To
create a resonant or fully resistive half-wave dipole, it can be slightly shortened. Depending on
the wire’s radius used in the dipole’s design, the overall length of the dipole for first resonance is
about 0.47𝜆 to 0.48𝜆; the thinner the wire, the closer the length will be to 0.48𝜆 [11], shown in
Figure 2.9. Fundamentally, the full-wave dipole architecture poses several issues, one of which is
the feed location’s occurrence at current minimum or null shown in Figure 2.10. Due to this, the
input impedance is extremely high (theoretically infinite) causing a significant mismatch between
the antenna and the feed which reduces its radiation efficiency,

𝜉=

𝑅𝑟𝑎𝑑
𝑃𝑟𝑎𝑑
=
,
𝑃𝑟𝑎𝑑 + 𝑃𝑙𝑜𝑠𝑠 𝑅𝑟𝑎𝑑 + 𝑅𝑙𝑜𝑠𝑠

(2.13)

[13, 36]. In eq. 2.13, 𝑃𝑟𝑎𝑑 and 𝑅𝑟𝑎𝑑 is the radiation power (𝑊) and resistance (Ω) and 𝑃𝑙𝑜𝑠𝑠 and
𝑅𝑙𝑜𝑠𝑠 is the antenna loss (𝑊 and Ω). One solution to this is to move the feed to a location along
the dipole where a larger current distribution is present effectively producing an asymmetrical
tag design like the designs described in [9, 12, 21]. However, the antenna design is not the only
consideration for radiation efficiency, as investigated by Riley et al., where it was found that the
insect’s body influenced the tag’s radiation and that a 2 mm standoff between the insect and the tag
improved its efficiency [36].
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Figure 2.9
Antenna impedance as a function of length [13].
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Figure 2.10
Current distributions on half-wave and full-wave dipoles.

When considering harmonic frequency generation, it is important to choose a nonlinear component that is very efficient at converting energy from the fundamental frequency to the harmonic
frequency and can operate in excess of the harmonic frequency. As a result, Schottky diodes are
usually the component of choice [9, 10, 12, 21, 24, 25, 26, 27, 36, 47]. This is due to their low
junction capacitance, which enables high switching speed, and their low turn-on voltage, allowing
more energy to be used in the re-radiated harmonic signal. Investigations into the diode’s efficiency
have shown very poor conversion efficiency range from 0.3% to 0.9% [12, 21, 36]. Although, a
dipole tag design with increased conversion efficiency is investigated by Aumann et al. in [10].
One expectation, according to [12], is a reduction in tag efficiency as the tag gets closer to the
27
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harmonic radar system due to an increase in diode loss at the fundamental frequency. It will be
important to reduce this loss to improve the diode’s conversion efficiency.
Due to the nature of a dipole tag design, an electrostatic charge can develop causing the diode
to be nonconducting and prevent operation in the zero-bias mode [27, 36]. To mitigate this, an
inductance loop, with an inductance ranging from 3-7 nH, is added to permit normal operation
of the Schottky diode. Consequently, the added inductance not only offers some electrostatic
discharge (ESD) protection but also aids in impedance matching of the antenna [27]. The loop
sizes used in these tag designs are typically based on a percentage of the fundamental frequency,
namely [21] where optimal performance was reached when the loop size was around 5% of the
fundamental wavelength and acting as a loop antenna. Investigations into the effects of loop size
and different inductances have on tag performance have been conducted, particularly in [21, 27].
Finally, with the harmonic oscillator constructed, the best mounting technique must be used
such that the tag does not impede the insect’s ability to fly or move and that radiation coverage is
maximized. Typically, these dipole tags are attached to the thorax, between the wings shown in
Figure 2.11, or on the abdomen, but can only be done in vertical polarity systems since horizonal
polarity mounting usually impedes its ability to fly. Although, investigations have been conducted
into the mounting of horizontal polarity designs. Milanesio et al. investigated mounting techniques
on the Asian yellow-legged hornet for a horizontal polarity tag in [25] and found that an X-tag
design tied to a cotton string minimized interference with the insect and Lavrenko et al. investigated
a hybrid tag design, which featured dipoles bent in a "V"-formation and mounted on the back of
a beetle, shown in Figure 2.12. The proximity of the tag to the insect’s body should also be
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considered during mounting as it will affect the conversion efficiency of the tag as noted in [36]
where a 2 mm standoff was introduced to improve efficiency.

Figure 2.11
Vertically polarized harmonic oscillator mounted to honey bees (left [36], bottom right [55]) and
a Colorado potato beetle (top right [12]).

Figure 2.12
Horizontal polarity harmonic oscillator mounted to a beetle (left [21]) and Asian yellow-legged
hornet (right [25]).
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2.3

Other Notable Literature
In [25], Milanesio et al. design a horizontally polarized symmetrical, dipole harmonic oscillator

to operate at 9.41/18.82 GHz to track the invasive Asian yellow-legged hornet and determine
the location of its hive. To fabricate the transponder the researchers used copper wire and the
SMS7630-079LF Schottky diode. This diode was chosen due to its low turn-on voltage and low
junction capacitance. Several harmonic oscillator architectures were investigated starting with
[12]. It was found that by keeping the 2.5 mm loop diameter constant, the loop geometry could
be optimized by varying the copper wire’s width and dipole lengths. As a result, it was found
that 0.25 mm diameter copper wire with an overall length of 16 mm and loop diameter of 2.5
mm had the best performance. Although due to the system’s polarization, issues were found when
using a single dipole. To mitigate this, the system could be redesigned to operate in a different
polarization, namely vertical or circular, or a different tag design would be required. This led to
the implementation of the X-tag, shown in Figure 2.8, which will hang from the hornet by a cotton
strand. When testing their tag design with a power density of 200 𝑊/𝑚 2 the harmonic oscillator
showed a harmonic cross section (HCS or 𝜎𝐻 ) of 2𝑚𝑚 2 with a diode conversion efficiency (𝐸 𝑑 )
of 0.65%. Several important equations determining the maximum range of the system (2.8), the
received power (2.7), the minimum power required for detection (2.9), and the harmonic cross
section,
𝜎𝐻 =

𝜆2𝑓
4𝜋

𝐺 𝑑𝑓 𝐸 𝑑 𝐺 𝑑ℎ ,

(2.14)

of the system were used to determine its capabilities. In eq. 2.14, 𝜆 𝑓 is the fundamental frequency
wavelength (𝑚), 𝐺 𝑑𝑓 is the tag’s gain at the fundamental frequency (natural units), 𝐺 𝑑ℎ is the tag’s
gain at the harmonic frequency (natural units), and 𝐸 𝑑 is the diode’s conversion efficiency (%).
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Figure 2.13
Vertically polarized harmonic oscillator mounted to an Asian yellow-legged hornet [26].

In [12], Colpitts et al. explore how dipole length effects harmonic cross-section (HCS) at
differing ranges and discuss important considerations for tag inductance loop design. In an
anechoic chamber, the researchers were able to determine a dipole with an overall length of 8 mm
(free end dipole length = 6 mm, fixed end dipole length = 2 or 6 mm) yielded the best performance
when attached to Colorado potato beetles. The researchers also describe a harmonic cross section
equation based on the ratio of received and transmitted power.

𝜎𝐻 =

(4𝜋) 3 𝑅 4 𝑃𝑠𝑟 ℎ
𝜆2𝐻 𝐺 𝑠 𝑓 𝐺 𝑠ℎ 𝑃𝑠𝑡 𝑓

(2.15)

Investigations identifying important factors impacting performance and viability in HO wire
tag design have been conducted using an array of methods. In [21], Lavrenko et al. invent a hybrid
tag design which marries a wire tag dipole with a printed implementation of the diode/tuning
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inductance circuit. It was found that this hybrid design produced a tag that is estimated to be 65%
lighter than that of a fully printed design and only 4 mg heavier than a wire tag. Lavrenko et
al. also explored the effects of different inductance loop sizes on antenna radiation efficiency and
found that when inductance loop size reaches around 5% of the harmonic frequency’s wavelength,
it begins to act as a small loop antenna. From this, it was found that by increasing inductance loop
size, the dipole lengths can be reduced and still yield similar radiation efficiency to that of a tag
with longer dipoles.
In [36], Riley et al. explore important tag design parameters, the effect a bee’s body has on
antenna efficiency, discuss mounting considerations and fabrication methods, and explain the need
for a DC path in the form of an inductance loop. The researchers implemented the use of fine copper
clad steel wire for use as the tag’s dipole antennas which allowed them to be robust and springy
enough to retain their shape during flight. Riley et al. also decided to empirically optimize the tags
via dipole length trimming due to the complexity involved in conducting a nonlinear analysis of
the Schottky diode. These researchers also found that during mounting, the bee’s body and tag end
should have a minimum 2 mm standoff to improve tag conversion efficiency (Edh) and therefore,
antenna efficiency.
In [32], Rasilainen et al. explored transponder performance with varying varactor and detector
diodes, investigated the figure-of-merit’s (FOM) ability to match a diode to an antenna with a
particular quality factor (Q), and defined processes for creating directly matched transponders
(resonant antenna) and transponders with external matching circuits (non-resonant antenna). The
researchers determined radiation efficiency and good matching at fundamental frequency to be
the most important factors when designing a harmonic oscillator. It was also discovered that
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diodes yielding the strongest resonant peaks do not necessarily produce the best HCS since HCS
is dependent on each individual diodes’ conversion efficiency. From Rasilainen et al.’s research,
it should be noted that of the two proposed design processes, designing a transponder with an
external matching network tended to be easier since the diode quality factor was more accurately
estimated and is relatively constant.
In [47], Tahir et al. explored designs for harmonic radars and harmonic oscillators used today
and presented improvements for harmonic radar tracking systems. When designing harmonic
oscillators, miniaturization and efficiency are paramount. Miniaturization can be accomplished by
increasing the system’s operating frequency although it is important keep the design less than 1012% of the insect’s mass to limit its effect on the insect’s locomotion. In order to achieve significant
miniaturization, the researchers found in Figure 2.14 that a fundamental and harmonic frequency
from 35 to 50 GHz and 70 to 100 GHz, respectively, could be leveraged to minimize the size of
the harmonic oscillator and the atmospheric attenuation effectively maximizing range but would
require significant effort to design antennas operating at these frequencies. To mitigate the factors
of weight, size, and locomotive interference, which ultimately increases manufacturability and
efficiency, the researchers proposed implementing a microstrip antenna with an externally biased
harmonic transponder shown in Figure 2.15. The advantages of using a microstrip antenna come
from using a sufficiently high operating frequency which will significantly reduce the size, not to
mention, increasing the manufacturability and reducing the cost associated with implementing this
design. By using an externally biased system, energy from the radiated signal is no longer required
to bias the diode effectively increasing the energy of the re-radiated harmonic signal. A photodiode
acting as a solar cell is the proposed method for externally biasing the transponder. To facilitate
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harmonic frequency generation, the researchers used the SMS7621-040LF low barrier Schottky
diode and note that the most important design specifications are low capacitances, inductances,
and turn-on voltage when choosing a diode for this application. The researchers note that there is
an inherent impedance mismatch between the diode and antenna which can be overcome with a
transmission line transformer effectively increasing efficiency at the expense of transponder size
and weight. It was found that the proposed architecture increased the effective range of the system
from 425 m to 1080 m. Although, the maximum range for the millimeter wave band application
was less than predicted due to path loss increase and a decrease of doubler conversion gain and
transponder antenna gains at higher frequencies.

Figure 2.14
Atmospheric windows with low attenuation loss [47].
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Figure 2.15
Externally biased harmonic transponder designed for 5.3/10.6 GHz from [47].
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CHAPTER III
METHODOLOGY

This chapter discusses the design considerations for the harmonic radar system and harmonic
oscillator including the fabrication process and description of the harmonic cross section. It begins
with information regarding the harmonic radar system, followed by harmonic oscillator fabrication
and design, and then a description of harmonic cross section.

3.1

Networked Harmonic Radar System
For this project, features from [25]’s harmonic radar system were adopted with the intent to

cost-effectively track and detect tagged bees over a significant portion of their forageable area to
better understand the causes of CCD. However, honey bees can travel up to 100 km during foraging
which presents the issue of covering a sizable portion of this zone. Therefore, we propose the use
of multiple harmonic radar systems, built using commercially available hardware, with and without
overlapping fields of coverage, shown in Figure 3.1. To accomplish this, track correlation between
systems with and without overlapping fields of coverage is required to cover a sizeable portion of
their foraging zone and accurately track/identify tagged bees entering new areas of interest. For
this application, an easily controlled high-power radiator capable of covering 360◦ in the azimuthal
plane with a more directive beam in the theta orientation due to the bees’ low altitude of flight
was required. As a result, the FURUNO DRS25A X-Class marine radar was chosen to fulfill our
36
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transmit antenna needs and is capable of 360◦ coverage via a rotating waveguide antenna. Table
3.1 contains the specifications for the FURUNO DRS25A.

Figure 3.1
Networked harmonic radar system with and without overlapping fields of coverage featuring
track-to-track correlation and track transfer.
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Table 3.1
FURUNO DRS25A X-Class Antenna and Radar Specifications [1].
Antenna Type
Polarization
Antenna Length
Horizontal Beam Width
Vertical Beam Width
Gain
Sidelobe Attenuation
Tx Frequency
Output Power
Intermediate Frequency
Range Resolution/Accuracy
Bearing Resolution/Accuracy
Power Supply

Slotted Waveguide Array (XN13A)
Horizontal
6 ft
1.35𝑜
22𝑜
30 dBi
𝑜
-28 dB (w/in ±10 ), -35 dB (±10𝑜 or more)
9410±30 MHz
25 kW Nominal
60 MHz
20 m/within 1% of range in use
1.4𝑜 /within ±1𝑜
24 VDC: 5.6 A

To power the mobile radar system and other equipment required to support the system, a stable
and lightweight power source capable of running multiple hours at a time with multiple outlets was
required. When evaluating different generators, it was decided to only consider inverter generators
due to their much cleaner AC power generation technique required to protect the sensitive radar
equipment. As a result, the Champion DH Series 8750/7000-Watt open frame inverter generator
was chosen to provide power to the system and other equipment required for field tests. The
specifications for the inverter generator are listed in Table 3.2. To convert the 120-VAC output from
the generator to 24-VDC, an Astro LS-18A variable power supply was implemented in the system.
The proposed transmit (TX) system, shown in Figure 3.3, features a FURUNO DRS25A X-Class
marine radar which transmits a 9.41 GHz signal at 25-kW of power supported by a power supply
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that converts 120-VAC from the inverter generator to 24 VDC for the radar and TZTL15 display
which controls the radar, and a Champion inverter generator to power the entire system. To make
this system mobile, it is mounted on a trailer with the radar, display, and power supply as shown in
Figure 3.2.
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Figure 3.2
Proposed harmonic radar transmit system setup in a field near the east commuter parking lot
(Generator not pictured).
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Figure 3.3
Proposed proof-of-concept TX system outline.

Table 3.2
Champion Inverter Generator Specifications.
Starting/Running Watts
Total Harmonic Distortion
Outlets
Run Time @ 25% Load
Fuel Capacity
Weight
Noise Level @ 23 ft

8750/7000
Less than 3%
1-120/240V 30A, 4-120V 20A GFCI, 1-12VDC w/ Dual USB
10.5 Hours
4.2 Gal
155.4 lbs
72 dBA
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To raise the radar, increase the radiated area, and provide an area to safely operate the system
without being hit by the rotating waveguide or radiated energy, a six-foot-tall mast was built to
support the radar system shown in Figure 3.3. Since this system is designed to work in an outdoor
setting, the mast must be designed to weather the elements and was therefore built using pressure
treated wood, galvanized lag screws and hex bolts/nuts, deck screws, and acrylic board. When
designing the mast, it was important to include a takedown pin for the mast and for the radar system.
Therefore, a mounting interface was built using pressure treated lumber, galvanized bolts/nuts, and
acrylic board. As seen in Figure 3.4, this provided a simple yet sturdy mounting interface between
the FURUNO radar and mast’s 4 × 4. To easily takedown the mast for transport, a hole was drilled
through the mast base and 4 × 4 with a galvanized hex bolt placed through it.
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Figure 3.4
3D model of the radar mast used to mount the transmit system and receive systems of the
harmonic radar.

The returns from the harmonic oscillator are expected to be very weak especially as range
increases. Therefore, the receive chain needed to be very sensitive to signals at the harmonic
frequency to pick up the returns and have a low noise contribution to increase detection potential.
Since the system needs to cover 360◦ in the azimuthal plane, it is ideal to choose an antenna that
will rotate at the same frequency as the transmit system. Although, since this is a proof-of-concept,
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there is some play in this area as this addition will increase the mechanical complexity of the system
which can be investigated later. To increase sensitivity, an antenna with a high gain is required.
As a result, it was decided the Radiowaves HPLP1-18RS parabolic reflector antenna fulfilled the
requirements for the receive antenna. Table 3.3 lists the specifications of the HPLP1-18RS antenna
and Table 3.4 lists the specifications for the waveguide used to connect the antenna to the rest of
the receive chain.
Table 3.3
HPLP1-18RS Parabolic Reflector Antenna Specifications [2].
Antenna Type
Polarization
Operating Frequency Band
Horizontal/Vertical HPBW
Gain (Low/Mid/High Freq.)
Cross-Polarization Discrimination
Front-to-Back Ratio
VSWR

Parabolic Reflector Antenna
Single
17.7-19.7 GHz
3◦ /3◦
33.5/34/34.4 dBi
30 dB
61 dB
1.37:1
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Table 3.4
PE-W42SF005-12 Flexible Waveguide Specifications [6].
Frequency Range
VSWR
Insertion Loss
Maximum Input Power
Waveguide Size
Length

18-26.5 GHz
1.15:1
0.27 dB
300 Watts
WR42
12 in

As stated previously, the receive chain needs to be sensitive to the harmonic oscillator’s returns
and add little noise to the system. Therefore, a low noise amplifier chain was designed to keep noise
contribution to a minimum and amplify the received signals. When designing this chain, it was
important for the first component to have the lowest possible noise figure as this figure contributes
the most to the system’s overall noise figure, shown in (eq. 3.1),
𝑁 𝐹𝑠𝑦𝑠𝑡𝑒𝑚 = 𝑁 𝐹1 +

𝑁 𝐹2 − 1 𝑁 𝐹3 − 1
+
+ ...,
𝐺1
𝐺 1𝐺 2

(3.1)

where 𝑁 𝐹1 and 𝐺 1 is the first amplifier’s noise figure and gain (natural units) and 𝑁 𝐹2 and 𝐺 2 is
the second amplifier’s noise figure and gain (natural units). To reduce system losses and permit
direct signal sampling, it is important for the first component to feature efficient frequency down
conversion. Not only will this reduce system losses but will also permit the use of components
with a lower operating frequency and a more cost-effective design. To accomplish this, the Norsat
9000HX LNB, featuring a local oscillator frequency of 17.4 GHz, was chosen to amplify and
down convert the incoming signal. Table 3.5 lists the LNB’s specifications and Table 3.6 lists the
specifications for the bias tee required to operate the LNB.
45
DISTRIBUTION A. Approved for public release; distribution unlimited.

Table 3.5
Norsat 9000HX-03B-B Low Noise Block Specifications [3].
Frequency Band
LO Frequency
IF Frequency
Maximum Noise Figure
Conversion Gain
Minimum Output P1dB
Minimum IP3
Supply Voltage/Current
Input/Output Connector

18.372-19.3 GHz
17.4 GHz
972-1900 MHz
1.5 dB
55 dB (min); 58 dB (typ)
+5 dBm
+15 dBm
11-26 VDC/300 mA
WR42/N-F

Table 3.6
ZABT-2150-5AFT+ Bias Tee Specifications [7].
Operating Frequency Range
Insertion Loss
VSWR
Max RF Power
Max Voltage/Current
Connector

10-2150 MHz
0.5 dB
1.2:1
27 dBm
30 VDC/5 A
SMA-F/F

It is important to note that the LNB will produce artifacts at other frequencies, specifically,
at 1.42 GHz and 36.22 GHz due to the down conversion process. Since 1.42 GHz is the desired
frequency for the rest of the system, removal of other artifacts from the signal is paramount.
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Therefore, the ZX75BP-1500-S+ bandpass filter was employed to remove the 36.22 GHz artifact
from the LNB. Table 3.7 lists the band pass filter’s specifications.
Table 3.7
ZX75BP-1500-S+ Bandpass Filter Specifications [8].
Center Frequency
Passband
Stopbands (30 dB Typ)
VSWR (Passband/Stopband)
Maximum RF Power Input
Connector

1500 MHz
1350-1650 MHz
DC-87 MHz, 2030-2080 MHz
1.2:1, 20:1
6.3 Watts
SMA-M/F

For added detection potential with low noise contribution, a second amplifier is added to
the receive chain. When considering different amplifiers, the component’s 1 dB compression
point (P1dB) was an important design consideration. P1dB is a good measure/estimation of the
amplifiers maximum possible output power given a specific input power. This input power can be
determined by subtracting P1dB(freq.) from the Gain(freq.). Once an amplifier reaches its P1dB,
it goes into compression and becomes a non-linear device, producing distortion, harmonics, and
intermodulation products. Therefore, the PE15A1028 low noise amplifier (LNA) was employed to
fulfill this role. Table 3.8 lists the LNA’s specifications.
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Table 3.8
PE15A1028 Low Noise Amplifier Specifications [4].
Frequency Band
Small Signal Gain
Output P1dB
Maximum Noise Figure
VSWR
Supply Voltage/Current
Input/Output Connector

1.2-1.6 GHz
40 dB
+12 dBm
0.8 dB
1.35:1
10-15 VDC/80-120 mA
SMA-F/F

To increase detection above the noise floor, the receive chain should be able to detect small
increases in power above the noise floor. To do this, the AD8318-EP log detector is used which
can rectify pulses modulated from 1 MHz to 8 GHz and is capable of detecting signals as low as
-65 dBm with 70 dB of input range. This is then processed using the TMS320C6657 DSP board
which digitizes, buffers, and processes the signal where the data is visualized using a laptop. The
proposed receive chain is shown in Figure 3.5. Between these two systems, a harmonic oscillator
is used to generate the harmonic signal which is described in the next section.
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Figure 3.5
Proposed proof-of-concept receive chain design.

It should be noted that this system may be powered using a 24-VDC battery bank, shown in
Figure 3.6. When evaluating batteries, marine-type or deep-cycle batteries batteries should be
considered. This is because they feature a sturdier design, such that they are more resilient to
shorting, and a have higher reserve capacity. From the worst-case power consumption analysis in
Table 3.9, a 24-VDC battery bank with 93.8 Ah capacity should power the system for up to 12
hours.
𝐶𝑢𝑟𝑟𝑒𝑛𝑡 ( 𝐴) =

𝑃𝑜𝑤𝑒𝑟𝐶𝑜𝑛𝑠𝑢𝑚 𝑝𝑡𝑖𝑜𝑛(𝑊) 187.54𝑊
=
= 7.82𝐴
𝐵𝑎𝑡𝑡𝑒𝑟 𝑦𝑉 𝑜𝑙𝑡𝑎𝑔𝑒(𝑉)
24𝑉

𝐶𝑎 𝑝𝑎𝑐𝑖𝑡𝑦( 𝐴ℎ) = 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 ( 𝐴) ∗ 𝑇𝑖𝑚𝑒(𝐻𝑜𝑢𝑟 𝑠) = 7.82𝐴 ∗ 12𝐻𝑜𝑢𝑟 𝑠 = 93.8𝐴ℎ
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(3.2)
(3.3)

Figure 3.6
High level battery bank circuit for mobile harmonic radar system.

Table 3.9
Worst-Case Power Consumption for Proposed System.
System

Device

Voltage (VDC)

Current (A)

Power Consumption (W)

Transmit

DRS25A Radar
TZTL15F Display

24
24

5.6
1.8

134.4
43.2

Receive

Norsat LNB
PE15A1028 LNA
AD8318-EP

11 to 26
10 to 15
5

0.3
0.08 to 0.12
0.068

7.8
1.8
0.34

Total Power Consumption

187.54
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3.2

Harmonic Oscillator Design and Fabrication
For this project, the half-wave dipole tag and inductance loop designs from [12, 21, 25]

were altered to create a harmonic oscillator capable of operating at the 5 GHz test frequency.
This operating frequency was chosen due to the frequency limitations for the horn antennas and
Fieldfox microwave network analyzer which max out at 18 GHz. The tag designs typically used in
these applications are half-wave dipoles at the fundamental frequency and full-wave dipoles at the
harmonic frequency due to their simplicity and omnidirectional radiation pattern. The tag should
also be lightweight or no more than 10-12% of the insect’s mass to ensure limited alteration of
their movement which is best achieved by increasing the systems’s operating frequency [44]. To
create the harmonic, a NLJD, typically a Schottky diode, is used. When choosing this component,
the two most important parameters are low junction capacitance, to enable high speed switching
(important at high frequency), and low forward voltage, so less energy is wasted to switch the diode
on allowing more energy to be used in the re-radiated signal. A simplified equivalent circuit for a
harmonic oscillator can be seen in Figure 3.7.

Figure 3.7
Simplified harmonic oscillator circuit for a dipole tag design.
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When designing a half-wave dipole, typically true half-wave dipoles are not realized due to the
relatively large reactance associated with them, 𝑍𝑖𝑛 = 73 + 𝑗42.5 Ω. The added reactance of the
antenna reduces antenna match capability and reduces the antenna’s performance. To reduce the
reactance and create a resonant antenna ( 𝑗 𝑋 𝐴 = 0), the dipole is typically trimmed to 𝑙 = 0.47𝜆 to
𝑙 = 0.48𝜆 depending on the radius of the wire, where the thinner the wire the closer the dipole will
be to 0.48𝜆 [11]. Using an iterative design method of trimming the half-wave dipole to optimize
the 𝑆11 resonance for the fundamental frequency, the near-optimal length of a half-wave dipole
can be determined. Regrettably, symmetrical dipoles do not produce a resonance at the harmonic
frequency due their full-wave behavior at this frequency and the resulting current distribution on
center-fed full-wave dipole antennas. To mitigate this, the feed is moved to a section of the dipole
with a higher current distribution at harmonic frequency which slightly reduces efficiency at the
fundamental frequency but improves performance at harmonic frequency. This results in improved
radiation performance seen by the resulting 𝑆11 and Z-parameters. By varying the tag’s arm ratio,
a tag can be optimized to operate at the fundamental and harmonic frequency.
To create these tags, 0.25 mm copper wire was used to fabricate the dipoles and inductance
loops. To ease fabrication and make more identical tags, harmonic oscillator and inductance loop
“molds” were designed and 3D printed. These designs are shown below in Figures 3.8 and 3.9.

52
DISTRIBUTION A. Approved for public release; distribution unlimited.

Figure 3.8
3D printed and designed harmonic oscillator mold.

Figure 3.9
3D printed and designed harmonic oscillator inductance loop mold.

The Schottky diode used in this project was the Skyworks SMS7630-079LF surface mount low
barrier Schottky diode found in [25] where acceptable performance was recorded. This diode was
chosen due to its low junction capacitance and low forward voltage as shown in Table 3.10.
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Table 3.10
SMS7630-079LF Specifications [5]
𝑉𝐹 @ 0.1 mA (mV) 𝑉𝐹 @ 1 mA (mV)
60 to 120
135 to 240

𝐶 𝑗𝑂 (pF)
0.14

The tag shown in Figure 3.10 is a half-wave dipole tag design derived from [25]. This design
is a true half-wave dipole design where the half-wavelength was calculated via,

𝜆 ℎ𝑎𝑙 𝑓 −𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ =

𝑐
2 𝑓 𝑓 𝑢𝑛𝑑𝑎𝑚𝑒𝑛𝑡𝑎𝑙

,

(3.4)

yielding an overall length of 29.98 mm. The induction loop diameter is set to 5% of the fundamental
frequency’s wavelength, from [21], yielding a 3 mm diameter induction loop.
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Figure 3.10
Harmonic oscillator designed for 5 GHz from [25]’s field experiments featuring a 3 mm
inductance loop.

The tags shown in Figure 3.11 and Figure 3.12 were derived from [12] with the original
architectures optimized to work at 9.41/18.82 GHz. In order for these tags to operate at the 5/10
GHz test frequencies, they needed to be scaled accordingly. Since these designs were not true
half-wave or full-wave dipole designs, it was assumed that by simply scaling them via,

𝑆𝑐𝑎𝑙𝑖𝑛𝑔𝐹𝑎𝑐𝑡𝑜𝑟 =

9.41𝐺𝐻𝑧
= 1.882,
5𝐺𝐻𝑧

(3.5)

these tags would respond similarly to the 5 GHz fundamental frequency. By using this scaling
factor derived from (3.5), two different tag designs were produced: an asymmetrical tag with an
overall length of 15.06 mm (3.764 mm and 11.292 mm arms) and a symmetrical tag with an overall
length of 22.59 mm.
55
DISTRIBUTION A. Approved for public release; distribution unlimited.

Figure 3.11
Harmonic oscillator designed for 5 GHz from [12]’s field experiments featuring a 2 mm
inductance loop.
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Figure 3.12
Harmonic oscillator designed for 5 GHz from [12]’s field simulations featuring a 2 mm
inductance loop.

It should be noted that for (3.5) to work, the designed frequency (9.41 GHz) must be greater
than the redesigned frequency (5 GHz) since wavelength is inversely proportional to frequency. If
vice versa, this equation should be inverted.

3.3

Harmonic Cross Section
Radar cross-section (RCS) is the measure of a targets ability to reflect radar signals in the direc-

tion of the receiver and characterizes the target’s fictitious area capable of producing a return. For
harmonic radar systems a new term, harmonic cross-section (HCS), characterizes the effective RCS
created by the harmonic oscillator. This variable is the standard estimator of overall performance
and can be used to improve harmonic oscillator design in future research.
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To calculate the pseudo-RCS, HCS, an equation from [25] is used which is based on the tag’s
antenna and diode properties,
𝜎𝐻 =

𝜆2𝑓
4𝜋

(3.6)

𝐺 𝑑𝑓 𝐸 𝑑 𝐺 𝑑ℎ ,

where 𝜎𝐻 is HCS (𝑚 2 ), 𝜆 𝑓 is the fundamental frequency’s wavelength (𝑚), 𝐺 𝑑𝑓 is the tag dipole’s
gain at fundamental frequency (natural units), 𝐺 𝑑ℎ is the tag dipole’s gain at harmonic frequency
(natural units), and 𝐸 𝑑 represents the efficiency of the diode to convert power in at the fundamental
frequency to power at harmonic frequency (0.65% from [25]) (%). This equation was used to
generate simulation values in MATLAB. There is also an equation from [12] which is based on the
ratio of the received and transmitted power,
4𝜋𝑃𝑠𝑟 ℎ
𝜎𝐻 =
𝐺 𝑠 𝑓 𝐺 𝑠ℎ 𝑃𝑠𝑡 𝑓



4𝜋𝑅 2
𝜆ℎ

2
,

(3.7)

where 𝑃𝑠𝑟 ℎ is the received power at harmonic frequency at the receive antenna (𝑊), 𝑃𝑠𝑡 𝑓 is the
transmitted power at fundamental frequency from the transmit antenna (𝑊), 𝐺 𝑠 𝑓 is the transmit
antenna gain (natural units), 𝐺 𝑠ℎ is the receive antenna gain (natural units), 𝜆 ℎ is the harmonic
frequency wavelength (𝑚), and 𝑅 is the range (𝑚). This equation would be used to calculate HCS
in the chamber experiments where they would be compared with the simulation results.
To facilitate chamber testing, a table with a reduced RF signature incapable of producing eddy
currents was required to mount all necessary testing equipment. As a result, an all-wooden table
was designed using no screws, nails, or other metal fasteners and features two shelves topped with
peg board whose holes are 0.25" in diameter and are spaced in a grid equidistant from the other. In
addition to this, horn antenna mounts were needed that permitted antenna polarity changing and
aiming of the antennas in the azimuthal plane. As a result, two antenna mounts were designed
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and 3D printed that permit an easy change from vertical to horizontal polarity and allow azimuthal
aiming as seen in Figure 3.13. These mounts were affixed to the previously described table using
¼-20 nylon screws.

Figure 3.13
Horn antenna mount capable of azimuthal aiming and easy polarity changing.
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CHAPTER IV
RESULTS

This chapter describes the results found during the simulation and testing of the harmonic radar
system and harmonic oscillators. To begin with, the proposed harmonic radar system simulation
results are presented, followed by the receive chain results and a chamber system test, and finally
the harmonic oscillator simulation and chamber testing results.

4.1

Proposed Harmonic Radar System Simulation
To simulate the harmonic radar system in MATLAB, the harmonic cross section value depicted

in [12] is used to predict the maximum detection range for the system. It should be noted that the
simulation does not account for the reduced performance of the resonant circuit in the diode as
incident power density increases which is caused by the resistive portion of the diode impedance
increasing with drive level, resulting in a reduction of the Q of the resonant circuit [12]. This
simulation also assumes open ground with no obstacles between the target and system and the
known losses described in the datasheets of the components used in the proposed transmit and
receive systems. Using the specifications of the transmit and receive system and the harmonic cross
section value of 40𝑚𝑚 2 for the asymmetrical dipole tag described in [12], an estimated maximum
range of 409 meters is calculated in Figure 4.1.

60
DISTRIBUTION A. Approved for public release; distribution unlimited.

Figure 4.1
Estimated maximum detection range and received power curve for the proposed system based on
a harmonic cross section of -43.98 dBm presented in [12].

To simulate the harmonic radar system in MATLAB, the equation depicted in eq. (2.7) and the
diode conversion efficiency (𝐸 𝑑 ) value depicted in [25] was used to predict the maximum detection
range for the system. It should be noted that the simulation assumes open ground with no obstacles
between the target and system and the known losses described in the datasheets of the components
used in the proposed transmit and receive systems. Using the specifications of the transmit and
receive system, the diode conversion efficiency (𝐸 𝑑 ) of 0.65%, and the calculated harmonic cross
section value of 2𝑚𝑚 2 (-56.98 dB) for the symmetrical dipole tag described in [25], an estimated
maximum range of 194 meters is calculated in Figure 4.2.
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Figure 4.2
Estimated received power vs. range for proposed harmonic radar system given a harmonic cross
section calculation for a half wave dipole harmonic oscillator derived in [25].

When conducting the two different Blake Sheet analysis in Figure 4.3 and 4.4, the proposed
harmonic radar’s specifications and losses were considered. In Figure 4.3, the harmonic cross
section value described in [12] was considered. On the other hand, in Figure 4.4, the harmonic
cross section equation described in (eq. 2.7) and the 𝐸 𝑑 of 0.65% was considered as stated in [25].
This analysis assumes optimum field conditions with no obstacles between the target and system.
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Figure 4.3
Radar Blake sheet analysis for proposed harmonic radar system based on HCS values from [12].
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Figure 4.4
Radar Blake sheet analysis for proposed harmonic radar system based on HCS values from [25].
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4.2

Receive Chain and Component Testing
To test the receive chain, the Agilent MXG Signal Generator was used to generate a -20 dBm,

18.82 GHz signal to simulate a harmonic return from a harmonic oscillator. This signal was
further attenuated using two 20 dB pads effectively reducing the output to -60 dBm. This was then
injected directly into the proposed harmonic radar system’s receive chain, shown in Figure 3.6.
This test system was composed of two SMA-M to 2.92mm-F adapters, two 20 dB attenuators, one
2.92mm-F to F adapter, and one 2.92mm 3-ft cable.
𝐿𝑜𝑠𝑠(𝑑𝐵)𝑚𝑖𝑛 = 2(0.097) + 2(0.0099) + 0.017 + 0.02 + 0.036 = 0.287𝑑𝐵
𝐿𝑜𝑠𝑠(𝑑𝐵)𝑚𝑎𝑥 = 2(0.097) + 2(0.177) + 0.055 + 0.02 + 0.238 = 0.861𝑑𝐵
𝑃(𝑑𝐵𝑚) 𝑜𝑢𝑡,𝑚𝑖𝑛 = 𝑃(𝑑𝐵𝑚)𝑡𝑥 − 2( 𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑜𝑟 𝑚𝑎𝑥 ) − 𝐿𝑜𝑠𝑠(𝑑𝐵)𝑚𝑎𝑥 + 𝐺𝑎𝑖𝑛 𝐿𝑁 𝐵,𝑚𝑖𝑛
𝑃(𝑑𝐵𝑚) 𝑜𝑢𝑡,𝑚𝑖𝑛 = −20 − 2(21) − 0.861 + 55.0 = −7.861𝑑𝐵𝑚

(4.1)

𝑃(𝑑𝐵𝑚) 𝑜𝑢𝑡,𝑚𝑎𝑥 = 𝑃(𝑑𝐵𝑚)𝑡𝑥 − 2( 𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑜𝑟 𝑚𝑖𝑛 ) − 𝐿𝑜𝑠𝑠(𝑑𝐵)𝑚𝑖𝑛 + 𝐺𝑎𝑖𝑛 𝐿𝑁 𝐵,𝑚𝑎𝑥
𝑃(𝑑𝐵𝑚) 𝑜𝑢𝑡,𝑚𝑎𝑥 = −20 − 2(19) − 0.287 + 58.0 = −0.287𝑑𝐵𝑚

(4.2)

First, the Norsat 9000Hx LNB was tested by injecting a -60 dBm, 18.82 GHz signal into the
LNB. The output was expected to be centered at 1.42 GHz and range from -7.861 dBm (4.1) and
-0.287 dBm (4.2) due to the calculated minimum and maximum losses of the adapters, attenuators,
cables, and bias tee including the minimum and maximum expected gain of the LNB. Figure 4.5
shows the output centered at the expected frequency with a power level within the expected range.
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Figure 4.5
Norsat 9000HX-03b LNB output centered at 1.42 GHz with a 𝑃𝑜𝑢𝑡 = −3.833 dBm.

Next, the ZX75BP-1500-S+ bandpass filter was added to the receive chain and injected with
the previously described signal. The output was expected to be centered at 1.42 GHz and range
from -9.078 dBm (4.3) to -0.610 dBm (4.4) due to the calculated minimum and maximum losses
of the previously and newly considered components. Figure 4.6 shows the output centered at the
expected frequency with a power level within the expected range. In this output, the noise power
around the center frequency is approximately 10 dB higher than the noise power on the edges. In
Figure 4.5 the noise power seems to be a maximum of -50 dBm across the frequency span whereas,
in Figure 4.6, the noise power is reduced as distance from the center frequency is increased. This
is to the expected output from a bandpass filter and this behavior will cascade through the system.
𝐿𝑜𝑠𝑠(𝑑𝐵)𝑚𝑖𝑛 = 0.287 + 0.036 = 0.323𝑑𝐵
𝐿𝑜𝑠𝑠(𝑑𝐵)𝑚𝑎𝑥 = 0.861 + 0.356 = 1.217𝑑𝐵
𝑃(𝑑𝐵𝑚) 𝑜𝑢𝑡,𝑚𝑖𝑛 = −7.861 − 1.217 = −9.078𝑑𝐵𝑚

(4.3)

𝑃(𝑑𝐵𝑚) 𝑜𝑢𝑡,𝑚𝑎𝑥 = −0.287 − 0.323 = −0.610𝑑𝐵𝑚

(4.4)
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Figure 4.6
LNB ZX75BP-1500-S+ bandpass filter output centered at 1.42 GHz with a 𝑃𝑜𝑢𝑡 = −3.128 dBm.

Next, the PE15A1028 LNA was added to the receive chain and injected with the previously
mentioned signal. The output was expected to be centered at 1.42 GHz and range from -13.666 dBm
(4.5) to 1.776 dBm (4.6) due to the calculated minimum and maximum losses of the previously and
newly considered components. To protect the LNA, two PE7005-20 20 dB attenuators were placed
before it in the receive chain. Figure 4.7 shows the output centered at the expected frequency with
a power level within the expected range.
𝐿𝑜𝑠𝑠(𝑑𝐵)𝑚𝑖𝑛 = 0.323 + 2(0.097) + 0.097 = 0.614𝑑𝐵
𝐿𝑜𝑠𝑠(𝑑𝐵)𝑚𝑎𝑥 = 1.2172(0.097) + 0.177 = 1.588𝑑𝐵
𝑃(𝑑𝐵𝑚) 𝑜𝑢𝑡,𝑚𝑖𝑛 = 𝑃(𝑑𝐵𝑚) 𝑝𝑟𝑒𝑣,𝑚𝑖𝑛 − 2( 𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑜𝑟 𝑚𝑎𝑥 ) − 𝐿𝑜𝑠𝑠(𝑑𝐵)𝑚𝑎𝑥 + 𝐺𝑎𝑖𝑛 𝐿𝑁 𝐴,𝑚𝑖𝑛
𝑃(𝑑𝐵𝑚) 𝑜𝑢𝑡,𝑚𝑖𝑛 = −9.078 − 2(20.5) − 1.588 + 38 = −13.666𝑑𝐵𝑚

(4.5)

𝑃(𝑑𝐵𝑚) 𝑜𝑢𝑡,𝑚𝑎𝑥 = 𝑃(𝑑𝐵𝑚) 𝑝𝑟𝑒𝑣,𝑚𝑎𝑥 − 2( 𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑜𝑟 𝑚𝑖𝑛 ) − 𝐿𝑜𝑠𝑠(𝑑𝐵)𝑚𝑖𝑛 + 𝐺𝑎𝑖𝑛 𝐿𝑁 𝐴,𝑚𝑎𝑥
𝑃(𝑑𝐵𝑚) 𝑜𝑢𝑡,𝑚𝑎𝑥 = −0.610 − 2(19.5) − 0.614 + 42 = 1.776𝑑𝐵𝑚
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(4.6)

Figure 4.7
PE15A1028 LNA output centered at 1.42 GHz with a 𝑃𝑜𝑢𝑡 = −1.514 dBm.

Finally, the last ZX75BP-1500-S+ bandpass filter was added to the unchanged receive chain
and injected with the previously mentioned signal. The output was expected to be centered at 1.42
GHz and range from -15.610 dBm (4.7) to 1.126 dBm (4.8) due to the calculated minimum and
maximum losses of the previously and newly considered components. Figure 4.8 shows the output
centered at the expected frequency with a power level within the expected range.
𝐿𝑜𝑠𝑠(𝑑𝐵)𝑚𝑖𝑛 = 0.614 + 0.036 = 0.65𝑑𝐵
𝐿𝑜𝑠𝑠(𝑑𝐵)𝑚𝑎𝑥 = 1.588 + 0.356 = 1.944𝑑𝐵
𝑃(𝑑𝐵𝑚) 𝑜𝑢𝑡,𝑚𝑖𝑛 = −13.666 − 1.944 = −15.610𝑑𝐵𝑚

(4.7)

𝑃(𝑑𝐵𝑚) 𝑜𝑢𝑡,𝑚𝑎𝑥 = 1.776 − 0.65 = 1.126𝑑𝐵𝑚

(4.8)
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Figure 4.8
LNA ZX75BP-1500-S+ bandpass filter output centered at 1.42 GHz with a 𝑃𝑜𝑢𝑡 = −1.945 dBm.

4.3

Chamber System Test
As stated before, several obstacles were encountered. One of which was an RF amplifier failure,

namely the RF Lambda RAMP00G18GA 31 dB amplifier. In order to rule out all other possibilities
of fault, each component in the transmit and receive chain was tested to prove functionality.
The first test conducted was a cable functionality test. This was performed using the Fieldfox
microwave analyzer’s distance-to-fault (DTF) application where a cable is secured to Port 1 and 2
of the Fieldfox and the length of the cable is typed in. This test provides information about where
increased reflection levels are occurring along the cable assembly. From this test, it was found that
several cables were either questionable or bad although two good cables were found and were used
in further testing. An example of a good DTF response can be seen in Figure 4.9 and an example
of a bad DTF response can be seen in Figure 4.10.
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Figure 4.9
Distance-to-fault response for good cable.

Figure 4.10
Distance-to-fault response for bad cable.

The second test conducted was a signal generator functionality test shown in Figure 4.11. This
test was performed by feeding the Agilent MXG Signal Generator’s output directly into Port 2 of
the Fieldfox to ensure two things: signal generation at a specified frequency and at a specified
power level. From this test, it was found that the signal generator was working as expected. An
example input can be seen in Figure 4.15 along with the resulting output in Figure 4.13.
70
DISTRIBUTION A. Approved for public release; distribution unlimited.

Figure 4.11
Signal generator verification test setup.
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Figure 4.12
Transmit frequency and power for signal generator verification test.

Figure 4.13
Baseline for the Fieldfox spectrum analyzer reading the signal generator’s -20 dBm sine wave at
9.41 GHz.

The third test conducted was the power amplifier functionality test shown in Figure 4.14. The
specifications for this amplifier are shown in Table 4.1. This test was performed using the Agilent
MXG Signal Generator’s to generate a signal feeding the amplifier whose output would then be
read using the Fieldfox’s spectrum analyzer on Port 2. From this test, it was found that the amplifier
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was attenuating the signal by 10 dB. An example input can be seen in Figure 4.15 along with the
resulting attenuated output in Figure 4.16.
Table 4.1
RF Lambda Amplifier Specifications.
Gain (dB)
31

P1dB (dBm)
26

𝑃𝑠𝑎𝑡 (dBm)
28

Frequency Range (GHz)
0.01-18
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Figure 4.14
Amplifier test setup.
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Figure 4.15
Transmit frequency and power for amplifier test.

Figure 4.16
Fieldfox SA showing the amplifier attenuating the -20 dBm signal produced by the signal
generator.

4.4 Harmonic Oscillator Simulation and Chamber Test
4.4.1 Simulation
To simulate the harmonic oscillator in HFSS accurately, it is important to understand the
impedance characteristics of its feed as a function of frequency. Using the circuit shown in Figure
4.17, the diode’s equivalent impedance was calculated and simulated in MATLAB to capture the
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real and imaginary impedance behavior as a function of frequency, shown in Figure 4.18. In Figure
4.17, 𝐿 𝑆 is a series inductance and 𝐶𝑃 is a parasitic capacitance describing the diode packaging,
𝑅𝑆 is a series resistance, 𝑅𝐽 is a small-signal junction resistance, and 𝐶𝐽0 is a small-signal junction
capacitance. Table 4.2 lists the complex diode impedance at 5/10 GHz and 9.41/18.82 GHz.

Figure 4.17
Schottky diode equivalent circuit.

Table 4.2
Complex Diode Impedance in Ω at Frequencies of Interest.
5 GHz
32.82 + j9.03

10 GHz
23.35 + j25.63

9.41 GHz
24.42 + j23.32

18.82 GHz
11.94 + j65.41
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Figure 4.18
Real and imaginary impedance of the SMS7630-079LF Schottky diode vs. frequency.

A part of the harmonic oscillator’s feed impedance is the DC path in the form of an inductance
loop. To calculate the inductance of the DC path,

𝐿 𝑙𝑜𝑜 𝑝

 


𝐷
8𝐷
= 𝜇0 𝜇 𝑅
𝑙𝑛
−2
2
𝑑

where 𝐷 is the loop diameter (𝑚), 𝑑 is the wire diameter (𝑚), 𝜇 𝑅 is the relative permeability, and
𝜇0 is the free space permeability (𝐻/𝑚). Several commonly used inductance loop diameters were
calculated as a function of frequency as shown in Figure 4.19. Table 4.3 lists the equivalent loop
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impedance values at 5/10 GHz and 9.41/18.82 GHz for a 1 mm, 1.882 mm, 2.5 mm, and 2.998 mm
loop.
Table 4.3
Loop Impedance in Ω at Frequencies of Interest.

1 mm
1.882 mm
2.5 mm
2.998 mm

5 GHz
j28.93
j77.94
j117.55
j151.71

10 GHz
j57.86
j155.88
j235.10
j303.43

9.41 GHz
j54.45
j146.69
j221.23
j285.53

18.82 GHz
j108.90
j293.37
j442.45
j571.05
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Figure 4.19
Reactance of different inductance loop sizes considered in the harmonic oscillator designs vs.
frequency.

Using the previous calculated diode and inductance loop impedances, the equivalent feed
impedance is calculated based on the feed circuit shown in Figure 4.20. The resulting equivalent
feed impedances accounting for different inductance loop diameters is shown in Figure 4.21. In
this figure, the 1 mm inductance has the smallest real component and, for the most part, the smallest
imaginary part except at 5 GHz. On the contrary, the 2.998 mm inductance loop is seen to have the
highest real and imaginary component, except at 5 GHz, where this loop and diode combination
produce the lowest imaginary component. Table 4.4 lists the equivalent feed impedance values at
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5/10 GHz and 9.41/18.82 GHz for a 1 mm, 1.882 mm, 2.5 mm, and 2.998 mm loop. These values
will be important for plotting the harmonic oscillator’s 𝑆11 in later HFSS simulations.
Table 4.4
Complex Feed Impedance in Ω at Frequencies of Interest.

1 mm
1.882 mm
2.5 mm
2.998 mm

5 GHz
10.91 + j16.31
23.07 + j16.80
26.52 + j15.26
28.07 + j14.25

10 GHz
10.39 + j20.67
16.94 + j24.19
18.83 + j24.80
19.75 + j25.04

9.41 GHz
10.90 + j19.75
17.81 + j22.68
19.79 + j23.07
20.74 + j23.20

18.82 GHz
4.64 + j41.18
7.97 + j53.75
9.06 + j57.20
9.61 + j58.87

Figure 4.20
Harmonic oscillator feed equivalent circuit.
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Figure 4.21
Real and imaginary impedance of the harmonic oscillator’s feed accounting for different
inductance loop sizes vs. frequency.

4.4.2

5/10 GHz Harmonic Oscillator Design

The first goal of the simulation is to find the optimal overall dipole length for a symmetric
tag which creates an 𝑆11 resonance centered at the tag’s fundamental frequency. At the beginning
of the simulation, a true half-wave dipole will be simulated using a previously calculated feed
impedance for a dipole with a 2.998 mm diameter inductance loop and SMS7630-079LF Schottky
diode. Based on the resulting 𝑆11 of the tag, the overall length will be reduced if the resonance
occurs at a lower frequency or lengthened if the resonance occurs at a higher frequency. This
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process will be repeated until a tag with the best 𝑆11 resonance at the fundamental frequency is
found.
It should be noted that the HFSS simulation is a tool whose goal is to find a tag design that is
as close to a practical use harmonic oscillator as possible. This simulation is dependent on several
factors calculated beforehand. In particular, the equivalent feed impedance, calculated using the
circuit in Figure 4.20, is a product of the loop inductance and Schottky diode impedance calculated
in parallel.

Figure 4.22
S11 for a symmetric, true half-wave dipole.
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Figure 4.23
Z-parameters for a symmetric, true half-wave dipole.
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Figure 4.24
Current distribution for a symmetric, true half-wave dipole at 5 GHz (left) and 10 GHz (middle)
including the current distribution at its feed at 10 GHz (right).
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Figure 4.25
S11 for a symmetric dipole with an overall length of 0.48𝜆 𝑓 .

Figure 4.26
Z-parameters for a symmetric dipole with an overall length of 0.48𝜆 𝑓 .
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Figure 4.27
S11 for a symmetric dipole with an overall length of 0.46𝜆 𝑓 .

Figure 4.28
Z-parameters for a symmetric dipole with an overall length of 0.46𝜆 𝑓 .
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Figure 4.29
S11 for a symmetric dipole with an overall length of 0.457𝜆 𝑓 .

Figure 4.30
Z-parameters for a symmetric dipole with an overall length of 0.457𝜆 𝑓 .

As seen in the 𝑆11 figures, there is a strong resonance at or near the fundamental frequency but
no noticeable resonance at the harmonic frequency. This is a result of a very small surface current
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located at the feed of the symmetric dipole at 10 GHz, shown in Figure 4.24. The result of the
low feed current is seen in the Z-parameter plots where a high impedance is seen at its harmonic
frequency. To reduce the impedance and generate the harmonic frequency resonance, the feed
of the dipole must be moved to a section with a higher current density consequently creating an
asymmetrical tag. In the next simulations, different arm ratios will be tested using the previously
found optimal overall length of 0.457𝜆 𝑓 .

Figure 4.31
S11 for an asymmetric dipole with a 1:2 arm ratio.
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Figure 4.32
Z-parameters for an asymmetric dipole with a 1:2 arm ratio.

Figure 4.33
S11 for an asymmetric dipole with a 1:3 arm ratio.
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Figure 4.34
Z-parameters for an asymmetric dipole with a 1:3 arm ratio.

Figure 4.35
S11 for an asymmetric dipole with a 1:2.5 arm ratio.
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Figure 4.36
Z-parameters for an asymmetric dipole with a 1:2.5 arm ratio.

Figure 4.37
S11 for an asymmetric dipole with a 1:2.275 arm ratio.
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Figure 4.38
Z-parameters for an asymmetric dipole with a 1:2.275 arm ratio.

Figure 4.39
S11 for an asymmetric dipole with a 1:2.375 arm ratio.
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Figure 4.40
Z-parameters for an asymmetric dipole with a 1:2.375 arm ratio.

Figure 4.41
Gain plot for an asymmetric dipole with a 1:2.375 arm ratio.
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Figure 4.42
Surface current distribution for an asymmetric dipole with a 1:2.375 arm ratio at 5 GHz (left) and
10 GHz (middle) including the current distribution at its feed at 10 GHz (right).

From the simulation, as seen in the 𝑆11 plots, increasing the arm ratio from 1:2 to 1:3 increases
performance at the harmonic frequency. In Figures 8a and 9a, there is balanced performance at the
fundamental and harmonic frequencies with a slight advantage given at either the fundamental or
harmonic frequency. When comparing the surface current distribution Figure for the symmetric
(Figure 4.24) and asymmetric tags (Figure 4.42), there is a significant increase in surface current
at the feed for the asymmetric tag. This increase in feed current is seen in the Z-parameter plots
showing significant reduction in both the real and imaginary impedances of the harmonic oscillator
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at the harmonic frequency and should improve radiation efficiency and reduce mismatch. From
the simulation results, a harmonic oscillator with an overall length of 0.457𝜆 𝑓 and an arm ratio of
1:2.375 will be built and tested in the anechoic chamber.

4.4.3

9.41/18.82 GHz Harmonic Oscillator Design

The goal of this simulation is to find an optimal harmonic oscillator design using the same
iterative design method described in the previous section. The simulated tag considers a harmonic
oscillator with a 2.5 mm loop diameter and the SMS-7630-079LF Schottky diode impedance.

Figure 4.43
𝑆11 plot for an asymmetric tag with an overall length of 0.4325𝜆 𝑓 and an arm ratio of 1:2.375.
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Figure 4.44
Z-parameters for an asymmetric tag with an overall length of 0.4325𝜆 𝑓 and an arm ratio of
1:2.375.

Figure 4.45
Gain plot for an asymmetric tag with an overall length of 0.4325𝜆 𝑓 and an arm ratio of 1:2.375.
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Figure 4.46
Surface current distribution for an asymmetric tag with an overall length of 0.4325𝜆 𝑓 and an arm
ratio of 1:2.375 at 9.41 GHz (left) and 18.82 GHz (middle) including the surface current
distribution at its feed for 18.82 GHz (right).

Using the same iterative design method described in the previous section, a potentially optimal
tag design for a 9.41/18.82 GHz system featuring an overall length of 0.4325𝜆 𝑓 and arm ratio of
1:2.375 was found.
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4.4.4

Chamber Testing

Before testing the HOs, the dipole tag design from [25] was simulated using MATLAB. To setup
the HO simulation the following parameters were used: transmit frequency of 5 GHz, transmit
power of 3.98 mW, transmit and receive antenna gain of 11.4 dBi and 12.2 dBi respectively, and a
static range of 3.062 meters. Using these parameters and (Milanesio HCS equation (simulation))
with an 𝐸 𝑑 = 0.65%, the tag design from [25] had a simulated 𝜎𝐻 = 7.35𝑚𝑚 2 and 𝑃 𝑅𝑥 =
−106.79𝑑𝐵𝑚 as shown in Figure 4.47. Further simulation, shown in Figure 4.48, revealed that the
harmonic oscillator could be moved as close as 2 meters without entering the antennas near field.

Figure 4.47
Estimated HCS and received power for [25]’s harmonic oscillator design at 𝑓0 = 5𝐺𝐻𝑧.
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Figure 4.48
Estimated received power vs. maximum possible test range in anechoic chamber for [25]’s
harmonic oscillator.

4.4.4.1

Harmonic Oscillator Designs from Research Papers

The first test conducted was an empty chamber test which was used to record the empty chamber
response and determine the optimal frequency span, video bandwidth (VBW), and resolution
bandwidth (RBW) to achieve the lowest possible noise floor. This test was conducted using a horn
antenna and the Fieldfox microwave SA to read the chamber’s response. It was found that the
optimal frequency span was 10 kHz with a VBW and RBW = 1 Hz and 401 points/sweep. The
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empty chamber’s response at 5 GHz (around -131 dBm) and 10 GHz (around -128 dBm) can be
seen in Figure 4.49 and Figure 4.50. It should be noted that as VBW and RBW are reduced, the
noise floor reduces but increases sweep time. This may be mitigated by decreasing the frequency
span or reducing the amount of points/sweep.

Figure 4.49
Empty chamber response at 5 GHz center frequency.

Figure 4.50
Empty chamber response at 10 GHz center frequency.
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The second test conducted was the harmonic oscillator test. This test was conducted using the
Agilent MXG Signal Generator to generate a continuous wave 6 dBm, 5 GHz signal transmitted
via a horn antenna in the vertical polarization. To receive the HO response a vertically polarized
horn was used as the receive antenna which fed the response into the Fieldfox, as seen in Figure
4.51, which was setup using the previously found optimal settings for the Fieldfox. The HOs were
placed vertically in a Styrofoam disc, shown in Figure 4.52, marked with 30𝑜 increments at a range
of 3.062 meters. With range remaining constant, the disc was then rotated at 30𝑜 increments until
the entire HCS was characterized. It was expected that since the inductance loop was around 5% of
the fundamental frequency’s wavelength it would act as a small loop antenna creating a variation
in the HCS at certain angles as stated in [21]. From this test, as seen in Figure 4.53 and Table 4.5,
it was found that none of the harmonic oscillators were able to be seen above the noise floor.
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Figure 4.51
Chamber test setup with horn antennas, Agilent signal generator, and Fieldfox microwave
spectrum analyzer.
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Figure 4.52
Harmonic oscillator placed in Styrofoam disc marked with 30𝑜 increments.
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Figure 4.53
Example response for harmonic oscillator at 10 GHz.

Table 4.5
Harmonic Oscillator Chamber Received Power.
Angle
0
30
60
90
120
150
180
210
240
270
300
330

Milanesio (dBm)
-129.2
-128.5
-129.4
-125.9
-126.3
-127.3
-128.2
-127.5
-127.4
-126.8
-129.2
-128.3

Colpitts Simulated (dBm)
-127.4
-128.1
-127.5
-128.3
-129.1
-128.7
-127.2
-128.9
-126.1
-126.9
-129.7
-126.8

Colpitts Field (dBm)
-128.7
-126.8
-128.4
-127.7
-128.8
-126.5
-129.2
-127.2
-128.9
-127.8
-126.1
-127.3
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4.4.4.2

HFSS-Optimized Harmonic Oscillator

When attempting to test the HFSS-optimized harmonic oscillator design, the received response
was originally thought to be from the harmonic oscillator. Upon further investigation, it was
determined that the introduction of the new PE15A3008 amplifier added artifacts around the
fundamental frequency and at a harmonic of the transmitted signal, as shown in Figure 4.55 and
4.57. Figure 4.54 and 4.55 shows the difference in the clean signal versus the amplified signal.
Figure 4.56 and 4.57 shows the difference in responses at the harmonic frequency without the
amplifier and with amplifier in the receive chain. This response was seen to increase when my
person approached the front of the receive horn antenna and decrease when standing between the
transmit and receive antennas. It was determined that these artifacts are picked up due to very
small reflections within the chamber and antenna coupling. Therefore, to continue testing with the
PE15A3008, it is imperative that a band pass or low pass filter be placed in the transmit chain to
produce a cleaner transmit signal.

Figure 4.54
Spectrum analysis at fundamental frequency with the amplifier removed from the transmit chain.
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Figure 4.55
Spectrum analysis at fundamental frequency with the amplifier added to the transmit chain.

Figure 4.56
Spectrum analysis at harmonic frequency with the amplifier removed from the transmit chain.
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Figure 4.57
Spectrum analysis at harmonic frequency with the amplifier added to the transmit chain.
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CHAPTER V
CONCLUSIONS

5.1

Conclusions
According to the transmit system simulations, the asymmetrical tag design described in [12]

yields the highest detection range of 409 meters. Although, it is important to note the differences
between the two tags used to simulate the system’s effectiveness. The design from [12] features an
asymmetrical tag with an overall length of 8 mm that is equivalent to a quarter of the fundamental
frequency’s wavelength, whereas the design from [25] is a symmetrical tag with an overall length
of 16 mm that is equivalent to half of the fundamental frequency’s wavelength. The difference in
effectiveness can be seen from the calculated harmonic cross section values for [12], -43.98 dB,
and for [25], -56.98 dB. This difference in effectiveness is supported not only by the literature
but also the HFSS simulations where an iterative design method of trimming a symmetrical tag
was used to optimize the tag’s 𝑆11 at the fundamental frequency. In the HFSS simulations, it was
found that symmetrical tags did not produce the required resonance at the harmonic frequency
needed to support effective re-radiation of the signal. This can be attributed to the high impedance
as a result of the current distribution for the center-fed full-wave dipole antenna resulting in
a significant impedance mismatch between the harmonic oscillator’s feed and full-wave dipole
antenna at harmonic frequency. By moving the feed along the dipole to a section with a higher
current distribution, the full-wave impedance is reduced improving the impedance match between
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the harmonic oscillator feed and antenna. During simulation, it was found that a resonance was
produced at a harmonic of the 𝑆11 optimized frequency consistent with the previous claim. Another
note of interest was the simulated asymmetrical tags (Z-parameters at fundamental and harmonic)
designed for 5/10 GHz and 9.41/18.82 GHz showed a significantly lower impedance at the harmonic
frequency, similar to the fundamental frequency impedance.
In conclusion, tag designs and components from [12, 21, 25] were tested and HCS characterization was attempted. It was found that the equipment used was unable to detect a response from
any of the harmonic oscillators above the noise floor even though preliminary simulation suggested
otherwise. This could potentially be due to the Schottky diode being damaged during handling or
fabrication, but extreme measures were taken to prevent static or temperature damage including
wearing anti-static gloves during fabrication and handling, storing HOs and diodes in anti-static
bags, working on anti-static mats, reducing soldering temperature below the diode’s maximum
temperature rating of 260◦ C, and grounding my person during fabrication. This leads me to
believe the issue could be multifaceted (i.e., tag antenna design, copper wire electrical properties,
diode, etc.), although further investigation will be required to understand the cause of the problem.
When attempting to test the HFSS-optimized tags with the new PE15A3008 amplifier, it was
originally thought that this was a harmonic response. However, upon further investigation it was
found that the amplifier produced artifacts at the second harmonic of the transmit frequency which
prevented detection of the harmonic oscillators. As a result, several filters have been ordered and
will be added to the transmit chain so that a clean signal may be transmitted for future testing.
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5.2

Future Work
Throughout the work conducted on this project, I found that the harmonic oscillator was the

weakest link of the entire system resulting in harmonic oscillator design difficulties. Regardless of
the literature discussing several harmonic oscillator designs, there is much to be understood about
the operation of tags and the environmental effects on these tags. As a result, future studies should
focus on analyzing the different aspects of harmonic oscillator design. This includes exploring
other antenna architectures, like in [22, 24, 25, 26, 46, 47], and how proximity to the insect’s
body will affect radiation efficiency and investigating lighter, more rigid materials like copper
clad steel. To make tag fabrication easier, a hybrid tag design, like in [21, 25], or a microstrip
design, like in [22, 47], would provide more consistent performance between tags and reduce
human fabrication error. To generate more accurate HFSS simulations, efforts should be made
to accurately characterize the selected diodes impedance versus frequency. To increase diode
conversion efficiency, external biasing using a small photodiode to act as a solar cell, similar to
[47], should be investigated. This would increase the amount of power converted to the harmonic
frequency and increase detection range. Future studies should also test the diode’s conversion
efficiency as a function of frequency and drive level using a circuit similar to the test circuit
described in [46]. From this, a more accurate harmonic cross section equation can be derived based
on the range of the tag from the system to increase simulation accuracy. Furthermore, methods
of uniquely identifying each track using tracking algorithms or altering harmonic oscillator design
should be investigated to support the development of this novel system. An example of this
would be to use a step frequency modulated transmit waveform and optimize tags to frequencies
(Δ 𝑓 = 𝑓 𝑓 𝑢𝑛𝑑𝑎𝑚𝑒𝑛𝑡𝑎𝑙,2 − 𝑓 𝑓 𝑢𝑛𝑑𝑎𝑚𝑒𝑛𝑡𝑎𝑙,1 ) within the frequency modulated band to generate signals at
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unique harmonic frequencies. For this to work, the signal generation of the FURUNO radar must
be altered and the receive chain must be able to resolve signals that are 2Δ 𝑓 apart.
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